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Pressure Induced Charge Disproportionation in LaMnO3
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We present a total energy study as a function of volume in the cubic phase of LaMnO3. A charge
disproportionated state into planes of Mn3+O2/Mn
4+O2 was found. It is argued that the pressure
driven localisation/delocalisation transition might go smoothly through a region of Mn3+ and Mn4+
coexistence.
PACS numbers: 71.30.+h
I. INTRODUCTION
The pressure-induced quenching of the Jahn-Teller dis-
tortion and metal-insulator transition in LaMnO3 were
recently studied1 by synchrotron x-ray diffraction, op-
tical spectroscopies, and transport measurements under
pressures up to 40 GPa. This work stresses that the de-
localisation of electron states is a key feature of LaMnO3
in the pressure range of 20-30 GPa. In this paper we
present calculations which show that the delocalisation
of electron states goes through a phase of charge dispro-
portionation where Mn3+ and Mn4+ coexist.
Interest in perovskite manganites2,3,4 was recently
rekindled due to the observation of ’colossal’ negative
magnetoresistance in La1−xCaMnO3.
5 The half-metallic
character of La2/3Sr1/3MnO3
6 is an important factor
which results in a magnetoresistance ratio of more than
1800% at 4K. The phase diagram of La1−xSrMnO3 is
complex,7 revealing the competition between the double
exchange and superexchange interactions, charge and or-
bital ordering instabilities and strong coupling to the lat-
tice deformations. Furthermore it has been argued that
local Jahn-Teller effects, such as random Jahn-Teller dis-
tortions of the MnO6 octahedra,8 and dynamical effects9
are of importance to explain the magnetic properties of
these materials.
Recently Banach and Temmerman10 showed that un-
der Sr doping the delocalisation transition from the va-
lence Mn3+, as seen in LaMnO3,
11 to the valence Mn4+ is
characterised by a transition region extending up to 20%
Sr where Mn3+ and Mn4+ coexist in a charge dispro-
portionated state. These LSMO systems were cubic and
therefore the Jahn-Teller distortion did not play a role in
this. Similar results are also obtained by calculations of
Korotin et al.12 who show for La7/8Sr1/8MnO3 the oc-
currence of orbital order and insulating behaviour in the
ferromagnetic state without any Jahn-Teller distortion.
In this paper we study whether a delocalisation of
Mn3+ to Mn4+ also occurs, under pressure, in the cu-
bic phase of the parent compound LaMnO3 and if such
a pressure-induced transition is also characterised by a
region of Mn3+ and Mn4+ coexistence. Concerning the
Jahn-Teller distortion, which is ignored in the present
study, it was included in the study of the electronic prop-
erties of LaMnO3 by Tyer et al.
11. It was found in that
work that the Jahn-Teller interaction is the dominant ef-
fect in realizing orbital order, which is not considered in
this work.
SIC-LSD calculations are performed for LaMnO3 in
the ferromagnetic (FM) and anti-ferromagnetic A (AF-
A) - which is anti-ferromagnetic ordering in the (001)
direction - structures at different volumes to study the lo-
calization of the Mn d states. These calculations are per-
formed for different configurations of localized states as
a function of volume. In particular configurations where
the 3d Mn t2g states are localised will be considered as
well as 3d Mn t2g and 3d Mn eg of 3z
2-r2 symmetry. By
doubling the unit cell in the z-direction we can also inves-
tigate in the AF-A structure and a Mn3+/Mn4+ charge
ordered state with the same structure.
The organization of this paper is as follows: in the
next section we explain the SIC-LSD formalism and give
some calculational details. The third section contains our
results and discussions and the fourth section summarizes
the paper.
II. FORMALISM AND CALCULATIONAL
DETAILS
The basis of the SIC-LSD formalism is a self-
interaction free total energy functional, ESIC , obtained
by subtracting from the LSD total energy functional,
ELSD, a spurious self-interaction of each occupied elec-
tron state ψα
13, namely
ESIC = ELSD −
occ.∑
α
δSICα . (1)
Here α numbers the occupied states and the self-
interaction correction for the state α is
δSICα = U [nα] + E
LSD
xc [n¯α], (2)
with U [nα] being the Hartree energy and E
LSD
xc [n¯α] the
LSD exchange-correlation energy for the corresponding
charge density nα and spin density n¯α. The SIC-LSD
approach can be viewed as an extension of LSD in the
sense that the self-interaction correction is only finite
for spatially localised states, while for Bloch-like single-
particle states ESIC is equal to ELSD. Thus, the LSD
minimum is also a local minimum of ESIC . A question
2now arises, whether there exist other competitive min-
ima, corresponding to localised states, which could ben-
efit from the self-interaction term without loosing too
much of the energy associated with band formation. This
is often the case for rather well localised electrons like the
3d electrons in transition metal oxides. It follows from
minimisation of Eq. (1) that within the SIC-LSD ap-
proach such localised electrons move in a different poten-
tial than the delocalized valence electrons which respond
to the effective LSD potential. For example, in the case
of manganese, three (Mn4+) or four (Mn3+) Mn d elec-
trons move in the SIC potential, while all other electrons
feel only the effective LSD potential. Thus, by including
an explicit energy contribution for an electron to localise,
the ab-initio SIC-LSD describes both localised and delo-
calized electrons on an equal footing, leading to a greatly
improved description of static Coulomb correlation ef-
fects over the LSD approximation.
In order to make the connection between valence and
localisation more explicit it is useful to define the nominal
valence as
Nval = Z −Ncore −NSIC ,
where Z is the atomic number (25 for Mn), Ncore is the
number of core (and semi-core) electrons (18 for Mn), and
NSIC is the number of localised, i.e., self-interaction cor-
rected, states (either three or four for Mn4+ and Mn3+
respectively). Thus, in this formulation the valence is
equal to the integer number of electrons available for
band formation. To find the valence we assume various
atomic configurations, consisting of different numbers of
localised states, and minimise the SIC-LSD energy func-
tional of Eq. (1) with respect to the number of localised
electrons. The SIC-LSD formalism is governed by the
energetics due to the fact that for each orbital the SIC
differentiates between the energy gain due to hybridisa-
tion of an orbital with the valence bands and the energy
gain upon its localisation. Whichever wins determines
if the orbital is part of the valence band or not and in
this manner also leads to the evaluation of the valence of
elements involved.
In the present work the SIC-LSD approach,
has been implemented14 within the linear muffin-
tin-orbital (LMTO) atomic sphere approximation
(ASA) band structure method,15 in the tight-binding
representation.16
III. RESULTS AND DISCUSSIONS
In Fig. 1 we show the total energy versus volume
for two different magnetic structures and three different
states of charge order. These are the ferromagnetic and
anti-ferromagnetic (along the z-direction) magnetic or-
ders. The charge order refers to trivalent Mn3+, tetrava-
lent Mn4+ and a disproportionated state of Mn3+/Mn4+.
This disproportionated state Mn3+/Mn4+ consists alter-
nate MnO2 planes in the (001) direction. The ground
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FIG. 1: The total energy versus volume for cubic LaMnO3
for four different scenarios of magnetic structure and charge
order. These are: anti-ferromagnetic A and trivalent Mn
(with the three t2g electrons and one eg electron of d3r2−z2
symmetry localised) (black); ferromagnetic and tetravalent
Mn (with the three t2g electrons localised) (red); ferromag-
netic and trivalent Mn (with the three t2g electrons and the
eg electron of d3r2−z2 symmetry localised) (green); the fer-
romagnetic Mn3+/Mn4+ charge disproportionated configura-
tion (blue). The inset shows the band gap versus volume for
trivalent Mn in the AF-A structure.
state is anti-ferromagnetic with Mn3+ valence in the cu-
bic structure. This result shows that the Jahn-Teller dis-
tortion is not a necessary prerequisite for an insulating
ground state. Rather the valence of the Mn ion and
the magnetic structure determine the insulating prop-
erties. Furthermore, the experimentally observed AF-A
magnetic order is obtained in the cubic structure, indi-
cating that the Jahn-Teller distortion does not influence
the magnetic structure. Further inspection of Fig. 1 also
reveals that the energy scale associated with the mag-
netic structure is smaller than the one associated with
the charge. In the vicinity of the energy minimum we
find that the least unfavourable configuration is triva-
lent (Mn3+) in the ferromagnetic state, whilst the most
unfavourable is tetravalent (Mn4+) in the ferromagnetic
structure. The theoretical volume is in very good agree-
ment with experiment: 238 A˚3 versus an experimental
value of 244 A˚3.
Reducing the volume, we obtain between 200 A˚3 and
215 A˚3 a charge disproportionated Mn3+/Mn4+ state, in
the ferromagnetic structure, as the state with the low-
est energy. This state consists of an anti-ferro order-
ing of the MnO2 planes along the z-direction accord-
ing to Mn3+O2/Mn
4+O2. Such a state is also observed
in Sr doped LaMnO3. In the calculations of Banach
and Temmerman10 this state was obtained by Sr doping
whilst keeping the volume constant. The present results
demonstrate that the volume reduction is another factor
inducing the charge disproportionated state whilst Jahn-
Teller distortions, globally or locally, are not necessary.
However, this charge order can drive a structural distor-
3tion which is still present in LaMnO3 under pressure.
1,17
Note that we have only studied the simplest of the charge
ordered states and that a more complex ordering might
give rise to a further lowering of the energy. Obviously
this could be modelled by larger supercells which was not
examined in this work.
Consideration of the Jahn-Teller distortion in this vol-
ume range would probably introduce the possibility of
orbital order, which would be interesting to study as a
function of pressure. The occurence of a charge dispro-
portionated Mn3+/Mn4+ region as a function of pressure
could lead to local Jahn-Teller distortions and the disap-
pearance of the Jahn-Teller distortion as a function of
pressure might therefore not happen uniformly.
When the ferromagnetic charge disproportionated
state is entered the system becomes metallic. The po-
larisation is around 70% in this charge disproportionated
state. This state persists through the next phase transi-
tion into the tetravalent Mn4+ at a volume of 200 A˚3.
The charge disproportionation at the surface might be
different from the bulk. Calculations were performed to
model a LaMnO3 surface by considering a supercell con-
sisting of four LaMnO3 formula units and two ”empty
LaMnO3” formula units. The LaMnO3 surface can ei-
ther be terminated with LaO or MnO2 planes. Both were
calculated and for a MnO2 surface the delocalisation of
the eg electron took place. This is surprising since one
would expect on intuitive grounds, due to band narrow-
ing, a localisation at the surface to be preferable. This is
the case for example in α-Ce where the surface consists
of γ-Ce.18 That a delocalisation at the surface took place
is also reflected in a reduction of the Mn surface mag-
netic moment by 6%. The reason might be that the eg
electron localised in the bulk is of 3r2−z2 symmetry char-
acter and this orbital points perpendicular to the surface
into the vacuum. Therefore it has less electrons to cap-
ture for localisation. Changing the surface termination
to LaO does not alter the valence on the Mn in the MnO2
sub-surface, however it does change the symmetry of the
localised state from d3r2−z2 to dx2−y2 .
IV. SUMMARY AND OUTLOOK
We have calculated the electronic total energy of
LaMnO3, in the cubic structure, as a function of volume
and for different magnetic and charge ordered states.
We find that the Jahn-Teller distortion is not crucial
to explain the insulating anti-ferromagnetic ground
state of LaMnO3. A smooth localization-delocalization
transition is observed since the transition from Mn3+
to Mn4+ goes through the intermediary of a mixture
of Mn3+/Mn4+. An accurate p-V curve could be
modelled via CPA (coherent-potential-approximation)
calculations where at each volume the total energy is
minimized with respect to the concentration of Mn3+
and Mn4+.19
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